Transaldolase was first isolated from brewer's yeast' and shown to catalyze the reversible reaction: Sedoheptulose 7-phosphate + D-glyceraldehyde 3-phosphate D-erythrose 4-phosphate + D-fructose 6-phosphate (1)
In the course of the reaction a three-carbon unit equivalant to dihydroxyacetone is transferred from the donor, which may be either sedoheptulose 7-phosphate or D-fructose 6-phosphate, to the acceptor, either D-glyceraldehyde 3-phosphate or D-erythrose 4-phosphate. During transfer the three-carbon group must be firmly bound to the enzyme, since free dihydroxyacetone itself does not act as a donor and since no reaction occurs in the absence of acceptor. Nor does the active group exchange appreciably with free dihydroxyacetone in the medium.' Other substances will also act as acceptors in the transaldolase reaction. These include ribose 5-phosphate, which yields octulose phosphate,2 D-glyceraldehyde and Lglyceraldehyde 3-phosphate, which are converted to D-fructose3 and D-sorbose 6- phosphate respectively,4 formaldehyde, which yields erythrulose,4 D-erythrose, which yields sedoheptulose,5 and pyruvic aldehyde which yields 5-ketofructose. 6 None of these acceptors is as active as D-glyceraldehyde 3-phosphate or D-erythrose 4-phosphate, which suggests that these compounds are the true acceptor substrates for the enzyme. The requirement for an acceptor for the active dihydroxyacetone group is no longer evident when transaldolase and transketolase act simultaneously with fructose 6-phosphate as the donor. 7 (6) The amount of each acceptor formed in reactions (2) and (3), either D-glyceraldehyde 3-phosphate or D-erythrose 4-phosphate, is limited by the concentration of enzyme added. These concentrations (about 10-8M) are far too low to permit reactions (4) and (5) to proceed at measurable rates. Since the over-all reaction (6) does proceed without a lag, some other explanation must be sought.
In order to provide further information on the nature of this reaction, it was desirable to obtain transaldolase in pure form and to study the nature of the linkage of dihydroxyacetone to the enzyme. We have now developed a procedure for the isolation of crystalline transaldolase from low-temperature-dried commercial preparations of Candida utilis. When stoichiometric amounts of crystalline enzyme are incubated with fructose 6-phosphate-i-C14, the protein becomes labeled. Such labeling of transaldolase was first attained by Venkataraman et al.9 who demonstrated a slow exchange of radio-active dihydroxyacetone and fructose 6-phosphate. More recently, these workers have described the preparation of crystalline transaldolase from baker's yeast and the formation of labeled transaldolase from radioactive fructose 6-phosphate.'0 Although our preparation from Candida has a considerably higher specific activity then that reported by Venkataraman and Racker,4 it becomes labeled to a similar extent. Some properties of the labeled enzyme complex are reported in the following paper." PROC. N. A. S.
Experimental Procedures.-Materials: Sedoheptulose 1,7-diphosphate was prepared from fructose 1,6-diphosphate and fructose 6-phosphate as previously described.12 Coenzymes were obtained from the Sigma Chemical Corporation. Fructose 6-phosphate was obtained from Boehringer und Soehne and purified when necessary by paper chromatography. Glucose 6-phosphate dehydrogenase, aldolase and a-glycerophosphate dehydrogenase containing triose phosphate isomerase were also obtained from Boehringer und Soehne. Either this product or the 50-70 ammonium sulfate fraction from rabbit muscle"3 served as a source of these enzymes for the transaldolase assay. D-Gluconate 6-phosphate dehydrogenase was a crystalline preparation from Candida utilis. '4 Candida utilis, dried at low temperature, was generously supplied by the Lake States Yeast Corporation of Rhinelander, Wisconsin. Calcium phosphate gel was prepared by the procedure of Keilin and Hartree."5 Glucose 6-phosphate-i-C'4 was purchased from the Picker Company. The radiochemical purity was checked in two ways. In paper chromatography with ethyl acetate-isopropanol as a solvent only a single spot was found to be present. The preparation was also tested for the location of the label by treating it with excess of TPN in the presence of glucose 6-phosphate dehydrogenase and D-gluconate 6-phosphate dehydrogenase. This procedure converts glucose 6-phosphate to ribulose 5-phosphate and liberates the C-1 carbon as CO2. Following the reaction the solution was acidified and plated. Only 5 per cent of the count remained, indicating that at least 95 per cent of the radioactivity was present as glucose 6-phosphate-i-C'4. Fructose 6-phosphate-1-C'4 as a contaminant was excluded since both enzyme preparations are free of phosphohexose isomerase. Methods: Spectrophotometric measurements were made with the Optikon Spectrophotometer. Radioactivity was measured with a Nuclear-Chicago micromil window gas-flow counter. Corrections for self absorption were made by adding a standard C'4 solution in the solution to be counted and recounting it.
Transketolase was determined as previously reported.'6 Ribose phosphate isomerase was measured by the procedure of Axelrod and Jang'7 and phosphohexose isomerase was assayed with fructose 6-phosphate, TPN, and glucose 6-phosphate dehydrogenase. Glucose 6-phosphate was analyzed with TPN and glucose 6-phosphate dehydrogenase and fructose 6-phosphate by the same procedure with phosphohexose isomerase added.
Protein was determined spectrophotometrically by the method of Bucher." As a standard we used a thoroughly dialyzed solution of crystalline transaldolase, the protein concentration of which was determined by micro-Kjeldahl analysis.t Enzyme assay: In previous studies with transaldolasel the assay procedure was based on the formation of fructose 6-phosphate with sedoheptulose 7-phosphate and D-glyceraldehyde 3-phosphate as donor and acceptor substrates, respectively. Fructose 6-phosphate was converted to glucose 6-phosphate by hexose phosphate isomerase and coupled to TPN and glucose 6-phosphate dehydrogenase. In the assay mixture D-glyceraldehyde 3-phosphate was generated from fructose 1,6-diphosphate by the action of aldolase. This enzyme also served to catalyze the removal of erythrose 4-phosphate by condensation with dihydroxyacetone phosphate to form sedoheptulose diphosphate.'9 This is essential for the assay, since erythrose 4-phosphate is a powerful inhibitor of hexose phosphate isomerase and prevents the formation of glucose 6-phosphate from fructose 6-phosphate.20 Even under these conditions, however, the reaction velocity is not proportional to the quantity of transaldolase added and fails to measure the true activity of transaldolase. The difficulties of transaldolase assay have been discussed by Venkataraman Results. 1. Purification procedure: (a) Extraction of Candida utilis: The dried yeast (150 gm) was suspended in 450 ml of 0.1 N sodium bicarbonate and incubated at 260C for 7.5 hr. The autolyzed mixture was diluted with 2.5 liters of cold water and centrifuged. The residue was discarded and the supernatant solution retained ("Extract," 2,780 ml).
(b) Acetone precipitation: All subsequent procedures were carried out in ice or at 20 unless otherwise specified. One-half of the extract (1,390 ml) was adjusted to pH 4.8 with 10 ml of 5N acetic acid and treated with acetone at low temperature (-10 to -140). Three fractions were collected by the successive additions of 417 ml, 417 ml, and 695 ml of acetone. These additions were made slowly with mechanical stirring and the first two precipitates were removed rapidly by centrifugation at 5,000 g in the high capacity head of the International PR2 or Lourdes LRA centrifuge. The last precipitate was allowed to form for 15 min. It was then collected and dissolved in 125 ml of cold water and the solution brought to pH 7 with 1 N KOH. The procedure was repeated with the remainder of the extract and the two solutions combined (250 ml). This was treated with 74.7 gm of ammonium sulfate and the precipitate removed by centrifugation and discarded. A second precipitate was collected by the addition of 45 gm of ammonium sulfate and dissolved in 20 ml of 0.25 M glycylglycine buffer, pH 7.4 ("Acetone fraction," 20 ml).
(c) Calcium phosphate gel adsorption: The acetone fraction was dialyzed for 12 hr against flowing 0.05 M sodium acetate, pH 7.4. The dialyzed solution (18 ml) was diluted with 120 ml of water to bring the protein concentration to about 8.0 mg/ml and the solution treated with 363 ml of calcium phosphate gel, containing 1.45 gm of solids. The gel was collected by centrifugation and the enzyme eluted first with 200 ml and then with 121 ml of 0.05 M phosphate buffer, pH 7.8. The combined eluates (334 ml) were treated with 126 gm ammonium sulfate, centrifuged and the precipitate discarded. The supernatant solution was treated with 53.0 gm ammonium sulfate and the precipitate collected and dissolved in 12 ml of 0.25 M glycylglycine buffer pH 7.6 ("Calcium phosphate gel eluate," 12 ml).
(d) Crystallization: The calcium phosphate gel eluate was treated with 48 ml of saturated ammonium sulfate and the precipitate collected by centrifugation. This was extracted successively with 20-ml portions of 65 per cent, 60 per cent, 55 per cent, and 50 per cent saturated ammonium sulfate, respectively. These extracts were tested separately; those having specific activity of 8 or greater were combined. In the preparation reported the 60, 55, and 50 per cent ammonium sulfate extracts were combined and adjusted to pH 5.2 with 5 N acetic acid. The solution was centrifuged at once, to remove a small amount of amorphous precipitate, and the supernatant solution was allowed to warm to room temperature. After 3-4 hr a light precipitate showing a strong schlieren pattern had formed and the solution was placed in the cold room. After 1-2 days the first crystals were collected and dissolved in 5 ml of 0.025 M glycylglycine buffer, pH 7.4 ("First crystals," 5.3 ml).
(e) Recrystallization: The solution of first crystals was diluted to 40 ml with water and treated with 60 ml of saturated ammonium sulfate solution, to bring the saturation to 60 per cent. The pH was 5.3. The solution was kept at room tem perature for 3 hr and then placed in the cold room. After 2 days the crystals were collected as before and again recrystallized. The final suspension of crystals was stored at 20. Samples were centrifuged and dissolved as needed ("Twice recrystallized," Table 1 ). 2. Properties of the crystalline preparation: (a) A ppearance: Transaldolase crystallizes as needles or clusters of needles readily visible with a medium-power microscope (Fig. 1) . There is only a single crystalline form and no evidence of noncrystalline material, provided that the solution has been well centrifuged before crystallization begins.
(b) Stability: In contrast to previous preparations of transaldolasel which are unstable, the crystalline enzyme appears to be remarkably stable. Preparations have been stored at 2-5°for 3 months with no detectable change in activity. A suspension of crystals shipped from Genoa to New York in July without refrig--eration was fully active on arrival. Previous preparations were stored with mercaptoethanol; this is not necessary with the crystalline preparation. A similar stability of the crystalline preparation was observed with D-gluconate 6-phosphate dehydrogenase.14 (c) Presence of other enzymes: Crystalline preparations of transaldolase 2 or 3 times recrystallized appear to be free of contaminating enzymes. Phosphohexose isomerase activity, which was appreciable in the earlier noncrystalline preparation, is not detectable in the recrystallized preparations, even when tested at 1,000 X the level of enzyme used for the transaldolase assay. The enzyme also shows no detectable transketolase activity and is free of ribose phosphate isomerase.
(d) Formation of the enzyme-dihydroxyacetone complex: In the absence of acceptor the crystalline enzyme reacts with 1-C14-labeled fructose 6-phosphate to form a stable transaldolase-dihydroxyacetone complex (equation (2)). The properties of this complex are described in the accompanying paper. In experiments to determine the stoichiometry of the reaction we have found the incorporation of radio-activity in the complex to approach 50 per cent of theory, on the basis of a molecular weight of 57,000. 21 The reaction is rapid and even at 00 is essentially complete in 15 min. Prolonged incubation does not significantly increase the extent of labeling ( The formation of such a stable complex provides a valuable approach to the important question of the mechanism of action of the aldolase-type enzymes. It is essential, however, that the enzyme be available in pure form and in large quantities. The procedure reported here makes this possible. It requires only a few operations and employs no chromatographic procedures. The over-all yield is nearly 25 per cent and the product is highly stable and free of other enzymes. It thus offers a number of advantages over the procedure reported recently by Venkataraman and Racker. 4 Ultracentrifuge studies have shown the crystalline preparation to be a homogeneous protein of MW = 57,000.21 Calculated from this molecular weight, the extent of labeling reaches nearly 50 per cent of theory. Evidence is presented in the following paper1 which shows that under the conditions of this experiment only one-half of the enzyme has been converted to the dihydroxyacetone complex and that the remaining protein is fully active transaldolase. Thus the molecular weight derived from labeling experiments agrees with that determined by sedimentation methods.
The crystalline transaldolase preparations described here have been shown to be free of contaminating enzymes. They are stable and homogeneous and, on the basis of complex formation with dihydroxyacetone, essentially pure.
